ABSTRACT
Two bacterial strains, Pseudomonas aeruginosa MJK1 and Escherichia coli MJK2, were constructed that both express green fluorescent protein (GFP) and carry out ureolysis. These two novel model organisms are useful for studying bacterial carbonate mineral precipitation processes and specifically ureolysis-driven microbially induced calcium carbonate precipitation (MICP). The strains were constructed by adding plasmid-borne ure-ase genes (ureABC, ureD and ureFG) to the strains P. aeruginosa AH298 and E. coli AF504gfp, both of which al-ready carried unstable GFP derivatives. The ureolytic activities of the two new strains were compared to the common, non-GFP expressing, model organism Sporosarcina pasteurii in planktonic culture under standard laboratory growth conditions. It was found that the engineered strains exhibited a lower ureolysis rate per cell but were able to grow faster and to a higher population density under the conditions of this study. Both engineered strains were successfully grown as biofilms in capillary flow cell reactors and ureolysis-induced calcium carbonate mineral precipitation was observed microscopically. The undisturbed spatiotem-poral distribution of biomass and calcium carbonate minerals were successfully resolved in 3D using confocal laser scanning microscopy. Observations of this nature were not possible previously because no obligate urease producer that expresses GFP had been available. Future observations using these organisms will allow researchers to further improve engineered application of MICP as well as study natural mineralization processes in model systems.
Microbially induced calcium carbonate precipitation (MICP) is an important process in many engineered and natural systems includ-ing: geologic carbon sequestration, radionuclide remediation, soil sta-bilization and permeability manipulation De Muynck et al., 2010; Ferris et al., 1996; Fujita et al., 2000; Lauchnor et al., 2013; Phillips et al., 2013; Whiffin et al., 2007) . Natu-ral systems, including the earth's global carbon cycle and ocean chemistry, have been affected by bacterial precipitation of calcium carbonate (Riding and Liang, 2005) . Microbial carbonate sediments, including those produced by biofilms, are present throughout the geologic record and are widely distributed, making them important for understanding global carbon cycling (Riding, 2000; Vasconcelos et al., 1995) . The medical community is also interested in MICP in the context of kidney stones, and mineral formation in ureteral stents and catheters (Morris et al., 1999) . Even with the extensive body of literature and interest in MICP, specific mechanisms and implications of how microbes induce mineral formation spatially and temporally are still not clear. For example, the degree to which micron-scale bio-mass and mineral formation alter flow paths that translate to centi-meter and larger scale processes is not fully understood (Armstrong and Ajo-Franklin, 2011; Graf von der Schulenburg et al., 2009) . Perhaps the most highly studied microbial process that can induce calcium carbonate precipitation is ureolysis. Organisms that produce large amounts of urease, such as Sporosarcina pasteurii (formerly known as Bacillus pasteurii (Yoon et al., 2001 )), can be extremely ef-ficient at raising the pH of their environment through hydrolyzing urea and subsequently precipitating calcium carbonate as shown in Eqs. (1)- (4) (Mitchell and Ferris, 2006) .
INTRODUCTION Urea Hydrolysis:
COðNH 2 Þ 2 þ 2 H 2 O→2 NH 3 þ H 2 CO 3 ð1Þ
Ammonia Protonation and pH Increase:
Shift of Carbonate Equilibrium:
Calcium Carbonate Precipitation:
The urease enzyme hydrolyzes urea (CO(NH 2 ) 2 ) to produce two ammonia molecules and one carbonic acid molecule (Eq. (1)). The overall effect of urea hydrolysis is a pH increase and a shift of the carbonic acid equilibrium towards carbonate (Eqs. (2) and (3)). In the presence of calcium, or other divalent cations, precipitation of solid carbonate species takes place once a critical saturation state has been reached (Eq. (4)). In engineered systems, calcium is typically supplied to the system so calcium carbonate is most often the primary precipitate. Other organic and inorganic compounds are often incorporated into the precipitates, potentially changing their characteristics from those expected from pure forms of calcium carbonate (Bosak and Newman, 2005) .
Microscopic observations have been used extensively to study MICP processes but real-time imaging that can differentiate biomass from mineral precipitates has been a significant challenge. Electron microscopy only provides an end-point view of the system with unavoidable sample preparation artifacts (Dohnalkova et al., 2011) . In contrast, light microscopy allows for the direct observation of microorganisms in a fully hydrated environment. Currently, staining is the only way to use light microscopy to definitively differentiate between biomass and the minerals in a hydrated environment (Schultz et al., 2011) . However, staining affects biological processes; so long term studies over the course of days using fluorescent stains are not ideal.
The genetic modification of microbes to incorporate a green or other fluorescent protein is a suitable alternative to direct staining (Larrainzar et al., 2005) . Organisms that express a fluorescent protein can be imaged over the course of hours and days without the need to introduce potentially inhibitory or toxic stains. Also, expression of the fluorescent protein can potentially be linked to the transcription of a protein of interest thus providing insight into the specific activity of an enzyme.
The goal of this work was to develop bacterial strains that constitutively express green fluorescent protein (GFP) and active urease. This was accomplished through the insertion of plasmid-borne urease genes into bacteria containing a chromosomal gfp insert. In addition to the construction of these organisms, their potential to be used in MICP studies was evaluated based on their ability to hydrolyze urea in batch kinetic studies. The growth and ureolysis kinetics of the newly constructed model organisms were compared to S. pasteurii, a model organism commonly used for MICP studies. Finally, the model organisms' suitability for studies in microscopic flow cells was demonstrated.
Materials and methods

Bacterial strains and growth conditions
Appropriate growth medium (100 mL, Table 1 ) was inoculated with 1.0 μL per mL of frozen stock culture. The baffled 250 mL Erlenmeyer flasks were incubated at the appropriate temperature (Table 1) on horizontal shakers at 200 rpm. Cells from overnight cultures were washed twice by centrifugation at 4200 ×g and subsequently resuspended in sterile phosphate buffered saline solution (PBS) to remove spent media. PBS had final concentrations of 8.5 g/L NaCl, 0.61 g/L KH 2 PO 4 , 0.96 g/L K 2 HPO 4 (all Fisher Scientific, NJ, USA) and was adjusted to a pH of 7 with concentrated HCl. The final inoculum for all experiments was diluted to an OD of 1.54 (See Section 2.7.1) and inoculated at a volumetric ratio of 1:1000. Experiments were conducted at 37°C for Escherichia coli and Pseudomonas aeruginosa strains and 30°C for S. pasteurii.
Plasmid and model organism construction
To construct urease-producing strains, P. aeruginosa AH298 (Werner et al., 2004 ) and E. coli AF504gfp (Folkesson et al., 2008) were both transformed with plasmid pMK001 carrying the urease operon from E. coli DH5α(pURE14.8) (Collins and Falkow, 1990 ). The pUC19-based plasmid pURE14.8 carries the urease operon that includes structural genes ureABC and putative accessory genes ureD and ureFG used to acquire nickel (Kim et al., 2006) . The full-length sequence of this operon was not previously known (Fig. 2) .
Plasmid pMK001 was constructed as follows. To subclone the urease genes, flanking forward and reverse polymerase chain reaction (PCR) primers (Eurofins MWG Operon) were designed with restriction sites PstI and SpeI added to the respective 5′ end. Primer sequences can be found in the Supplemental Information. The PCR-amplified fragment was digested with the appropriate restriction enzymes and ligated into an equally-digested pJN105 vector. This plasmid contains an L-arabinose-inducible promoter and encodes for gentamycin resistance (Newman and Fuqua, 1999) .
The resulting plasmid construct was used to transform chemically competent E. coli cells. Gentamicin-resistant transformants were screened by gel electrophoresis of restriction-digested plasmids. Functional tests for ureolysis were performed in Fluka urea broth (Sigma-Aldrich, MO, USA) containing 100 μg/ml gentamicin and 50 mM L-arabinose (SigmaAldrich). Antibiotic pressure was maintained in all subsequent screening and kinetic experiments to ensure plasmid retention.
Plasmid pMK001 was finally transformed into the strains AH298 and AF504gfp, resulting in strains MJK1 and MJK2, respectively. Both of these strains already contained a mutant, chromosomal gfp variant (Folkesson et al., 2008; Werner et al., 2004) . Both GFP variants contain an amino acid sequence at the C-terminal end that is recognized for degradation by proteases within the cell (Andersen et al., 1998) . This causes newly produced GFP to have a short half-life resulting in the disappearance of signal over time unless new GFP is created to replace it (Sternberg et al., 1999) . In strain AH298 this altered GFP is linked to the growth rate dependent ribosomal promoter rrnBp 1 so more active cells produce more GFP for a relative measure of metabolic activity (Werner et al., 2004) .
Urease gene sequencing
The urease insert of pMK001 was sequenced in a stepwise manner due to the long sequence length (5594 bp). First, flanking primers (Eurofins MWG Operon, High Purity Salt Free) were used to sequence across the plasmid backbone junction into the insert from either side. This sequence information then allowed for the design of new primers at the ends of the newly sequenced section. Thus, for each of the newly sequenced sections, primers were designed until the sequencing eventually covered the whole insert. The sequencing was conducted by the Center for Genome Research and Biocomputing at Oregon State University on an ABI Prism® 3730 Genetic Analyzer using ABI Prism® 3730 Data Collection Software v. 3.0 and Prism® DNA Sequencing Analysis Software v. 5.2 and the KB Basecaller algorithm.
Test tube screening
Metabolic screening was performed to ensure that the transformed bacteria were ureolytically active. DH5α(pURE14.8) was used as a positive control, and the non-transformed strains, AH298 and AF504gfp, were used as negative controls. The screening began by inoculating 15 μL of washed cells into 15 mL of fresh media in 15 mm × 150 mm (23.6 mL) glass test tubes in triplicate. The appropriate growth medium for each organism was supplemented with 10 g/L urea (Fisher Scientific) and 1 μL/mL phenol red pH indicator (Sigma). At the concentration used in this study, phenol red turns from clear to bright pink at pH values greater than approximately 8.2, which is qualitatively indicative of the pH increase induced by active urease expression. The time when the media turned pink was used as a measure of relative urease activity between organisms.
Batch kinetic studies
Batch cultures were inoculated in 250 mL Erlenmeyer flasks with strains MJK1, MJK2 or S. pasteurii for kinetic analysis of urea hydrolysis and population growth. 100 mL of growth media (see Table 1 ) was supplemented with 10 g/L urea, and flasks were placed on incubated shakers. Samples were taken for a baseline analysis, and the cultures were inoculated. The batch reactors were sampled repeatedly for approximately 30 h. Samples (1.0 mL) were taken aseptically and placed in 1.5 mL microcentrifuge tubes. Triplicate 100 μL aliquots were transferred into separate wells of a 96 well plate and analyzed for bulk GFP signal and optical density (OD) immediately with the average of the three readings being recorded (see Sections 2.7.1 and 2.7.2). pH was measured, the sample filtered through a 0.2 μm cellulose acetate syringe filter (VWR, NJ, USA) and refrigerated for storage until urea analysis could be performed.
MJK1 and MJK2 were grown in LB medium (see Table 1 ) with the addition of 10 g/L of urea, 50 mM L-arabinose and 10 μM NiCl 2 (Fisher Scientific). It was found that S. pasteurii does not grow well in LB medium (data not shown) so batch studies were performed in modified calcite mineralization medium (CMM) after Ferris et al. (1996) by omitting calcium chloride and sodium bicarbonate (CMM − ["CMM minus"]) as well as adjusting the urea concentration to 10 g/ L. S. pasteurii starter cultures from frozen stocks were grown in BHI medium (Sigma-Aldrich) containing 20 g/L urea.
Confocal microscopy
Confocal microscopy of mature biofilms in capillary flow cell reactors was performed to demonstrate the use of the newly constructed model organisms in MICP experiments. Borosilicate glass capillary flow cells with a 0.9 mm × 0.9 mm square cross section and an approximate length of 10 cm had a wall thickness of 0.17 mm (F&D Glass, NJ, USA). Capillaries were imaged with a Leica DM6000 CS confocal laser scanning microscope (CLSM). Growth media (per Table 1 ) were infused into capillaries with a calibrated syringe pump connected with size 14 silicone tubing.
Autoclaved capillaries were injected with cell inoculum (per Section 2.1) and incubated statically for 2 h to allow for cell attachment. Flow was initiated and maintained at 0.5 mL/h for four days at which point biofilm colonies were clearly visible. Capillaries were mounted on the microscope stage and the medium was switched to CMM (containing CaCl 2 ) supplemented with the required antibiotic, 50 mM L-arabinose and 10 μM NiCl 2 .
Biofilm colonies were located and 3D confocal stacks were collected repeatedly over the course of the observation time. Images presented in this work were collected through a Leica HC PL FLUOTAR 10×/0.30 dry objective. GFP fluorescence was imaged with excitation from a 488 nm laser and detection between 498 and 700 nm. Precipitates were imaged by detecting reflected 488 nm laser light between 483 and 493 nm. Raw CLSM data were processed with Imaris Version 7.6 (Bitplane, Zurich, CH). All confocal slices collected in 3D were projected onto one image for each time point. This projection provides a view of the sample as though the observer is looking at the specimen from the top.
Analytical measurements 2.7.1. Biomass quantification
The optical density (OD) measured at 600 nm was used to quantify the turbidity of liquid cultures as a comparative measure of cell density. Triplicate 100 μL samples were added to separate wells in a polycarbonate 96 well plate and absorbance of 600 nm light was measured by a BioTek Instuments (Winooski, VT, USA) Synergy HT Multi-Mode Microplate Reader and the data were analyzed using Gen5 software. All readings are presented as deviations from the initial time point just before inoculation, or in the case of the inoculum OD to the phosphate-buffered saline solution absorbance. The 96 well plate method results in a light path length of 0.26 cm, so for increased relevance to literature values, the OD values presented herein were adjusted to a standard path length of 1.0 cm using the Beer-Lambert relationship (Anderson et al., 2004) .
Bulk GFP
Total culture GFP florescence (bulk GFP) was measured with excitation from a tungsten halogen light source at 485/20 nm and intensity measured through a 528/20 nm band pass filter using a BioTek Instruments Synergy HT Multi-Mode Microplate Reader (Winooski, VT, USA). The bulk GFP measurements represent the total amount of GFP present in the culture at each time point. Values for GFP are reported in arbitrary fluorescence units relative to the autofluorescence of fresh growth medium.
Urea
Urea was analyzed by high pressure liquid chromatography (HPLC) after 0.2 μm filtration and dilution to within the calibration range of 10-100 mg/L urea (Clark et al., 2007) . Urea was derivatized with xanthydrol under acidic conditions to produce a diode array detectable compound at 230 nm. Samples were introduced to a 4.6 × 150 mm Agilent Zorbax Eclipse XDB-18 analytical column in an Agilent 1100 Series HPLC (Agilent Technologies Inc.) and eluted with a gradient of 20 mM ACS grade sodium acetate (Sigma-Aldrich) and HPLC grade acetonitrile (Fisher Scientific). Peak areas were measured (urea peak at approximately 10.5 min) using Agilent ChemStation software (Rev.A.10.02) and compared to calibration standards.
pH
The pH values of batch cultures were measured using a VWR sympHony meter and a Denver Instruments, Micro Glass-body pH electrode with a 5 mm diameter body. pH values were measured in 0.7 mL samples in 1.5 mL microcentrifuge tubes after the probe was calibrated using pH 7 and 10 buffers.
Kinetic models
Kinetic rate parameters were established by fitting the experimental results of the batch kinetic studies to models by minimizing the sum of the squared errors between the model and observations. A solution that minimizes the sum of the squared errors was found using the generalized reduced gradient (GRG) nonlinear optimization technique (Lasdon et al., 1978) . A Gompertz function (Eq. (5)) was chosen to be applied to the population data in the form presented by Zwietering et al. (Gompertz, 1825; Zwietering et al., 1990) .
OD is the optical density at time (t), OD o is the initial optical density, μ max is the specific growth rate during exponential growth, λ is the lag time and A is equal to ln(OD st /OD o ). OD st is the optical density at steady state, or in this case OD st was taken to be the maximum OD reached by the culture. OD is the measure of population density throughout this work. The fitted parameters for the population model are μ max and λ. The decrease of OD associated with population decay was not taken into account in this study.
Urea concentration was modeled in three different ways based on techniques from the literature. The general form of the ureolysis model is
Where C is the concentration of urea at time (t), f(C) is a function of C and n is a constant describing the reaction order. The rate is scaled by the optical density at time (t) as a measure of the amount of urease present in the reactor.
The simplest ureolysis model is represented with f(C) = − r 0 and n = 0. This is referred to as the zero order model where
The zero-order model is correctly applied to systems with an excess of urea, or other substrates, where the enzyme is working at a constant maximum rate. The zero-order model is easily solved analytically so its use in complicated models where other processes are taking place is common. dC/dt does not depend on C, so the same ureolysis rate occurs independently of time and concentration. r 0 , the zero order rate coefficient, is the fitted parameter in the zero-order model.
The most common ureolysis model in the literature is where f(C) = − k 1 and n = 1 so the reaction rate is linearly dependent on concentration. Here we will refer to this model as first order and the following equation applies.
First order rate models are commonly applied to ureolysis driven calcium carbonate precipitation work (Ferris et al., 2003; Tobler et al., 2011; Zhang and Klapper, 2010) , however, only Zhang and Klapper (2010) scale the ureolysis rate to population density as done in this work. The first order rate coefficient, k 1 , was fitted to the observed data in the first order model.
The last model that was applied is a Michaelis-Menten (M-M) function where n = 1 and f(C) = − V max /(k m + C). V max is the maximum reaction velocity and k m is the half saturation coefficient.
M-M models are common for the description of enzyme kinetics in general and have been widely applied to urease and other pure enzymes as well as to systems with ureolytic bacteria (Bachmeier et al., 2002; Benini et al., 1996; Ciurli et al., 1996; Stocks-Fischer et al., 1999) . By using a M-M type expression a more accurate representation of the concentration dependence on the reaction rate is derived. At high concentrations, the reaction rate asymptotically approaches a maximum (V max ) and as the urea concentration approaches zero so does the reaction rate. Other, more complex ureolysis models that include pH dependence, ammonium inhibition and temperature relationships have been proposed (Fidaleo and Lavecchia, 2003) . More complex models were not used in this work because the large number of fitting parameters require more focused experimentation outside of the scope of this work.
The population growth model is assumed to be independent of the ureolysis models but the ureolysis models are scaled by the population density. As a result, first the Gompertz population growth model was fitted to the experimental optical density data independently of the ureolysis models. The resulting growth curve was then used to estimate ureolysis rate coefficients from experimental data from the same experiment.
Results and discussion
Construction of urease positive GFP organisms
Two urease-positive GFP-expressing bacteria were successfully constructed and named P. aeruginosa strain MJK1 and E. coli strain MJK2. The initial GFP containing organisms were P. aeruginosa AH298 (Werner et al., 2004 ) and E. coli AF504gfp (Folkesson et al., 2008) , respectively. The previously cloned urease operon from E. coli DH5α(pURE14.8) was inserted into the L-arabinose-inducible plasmid pJN105 and subsequently renamed pMK001. The pMK001 plasmid was introduced into the GFP strains (Fig. 1) . The urease insert portion of pMK001 was sequenced and compared to the previously sequenced regions that cover the ureDABC and ureFG in DH5α(pURE14.8). The sequence between ureDABC and ureFG is not known from previous work and cannot be compared for homology. The DH5α(pURE14.8) ureDABC sequence (D'Orazio and Collins, 1993) was found to be identical to the corresponding sequence in pMK001. However, according to the basecalling algorithm used to determine the sequence (KB Basecaller), the insert had two additional nucleotides included near the end of ureFG (see supplemental materials). When analyzed with an older version of KB Basecaller (3730pop7LR) the two ureFG segments were identical. An NCBI BLAST search of the entire insert region, including insertions, showed segments with high similarity to a Proteus mirabilis urease operon (Query cover: 48% E value: 0.0) and Vibrio fischeri ES114 chromosome I (Query cover: 43% E value: 0.0). The same BLAST search without the insertions yielded similar results with only the query coverage being reduced slightly. Sequences with and without the insertions were loaded into the NCBI ORF Finder and the insertions were found to have no effect in the predicted open reading frames of the insert. All predicted open reading frames occur before the insertions.
The ureFG nucleotide insertions are likely due to PCR amplification errors. These insertions may be significant because ureFG genes are believed to be involved in acquiring nickel (Kim et al., 2006 ) and we have shown that both transformed organisms require supplemental nickel to express significant urease activity (see Table 2 ). There are two possible effects of these insertions. One explanation is that the nickel acquisition genes are somehow incompatible with the organisms into which they have been inserted. The gene is present but potentially not synthesized in a suitable form to function in the context of the native metabolic framework. If this was the case, and the ureFG genes were incompatible with the transformant strains, it seems likely that both DH5α(pURE14.8) and MJK2 would exhibit the same behavior towards nickel because they are of the same species. However, these two strains do not behave the same in the presence of nickel (Table 2) . A more likely explanation is that these insertions caused a translational difference that was large enough to render nickel acquisition nonfunctional. Based on our data, this seems possible because ureolytic activity in MJK2 was highly dependent on the addition of supplemental nickel (Table 2) while DH5α(pURE14.8) was unaffected by nickel addition.
Test tube screening
Transformed strains were screened for ureolytic activity using the phenol red test tube assay. The screening showed positive results for ureolysis in both transformed strains. Non-transformed strains did not exhibit significant ureolysis (see Table 2 ). L-arabinose, at a concentration of 50 mM, increased the level of urease activity as expected based on plasmid construction (data not shown).
It became evident during preliminary screenings that the addition of nickel is important for the transformed strains to show ureolytic activity. We found that the positive control organism from which urease was extracted, DH5α(pURE14.8), did not require supplemental nickel, whereas the new transformants, MJK1 and MJK2, required additional nickel for urease activity. The addition of 10 μM NiCl 2 improved the ability of strains MJK1 and MJK2 to raise the pH similarly to DH5α(pURE14.8). Nickel concentrations of up to 10 μM did not appear to affect the ability for DH5α(pURE14.8) to increase pH. S. pasteurii was not used as a positive control for the initial screening because of differing optimal growth conditions. It is well understood that S. pasteurii is highly ureolytically active; however, its population growth characteristics are much different than both E. coli and P. aeruginosa species making DH5α(pURE14.8) the better positive control for screening purposes.
The activity of urease has been reported to be dependent on nickel concentration (Mobley and Hausinger 1989; Mobley et al., 1995; Benini et al., 1999) . The particularly strong nickel dependence in MJK2 has the potential to be utilized as an experimental control in future work, potentially allowing researchers to manipulate ureolysis and growth rates independently. Fig. 1 . P. aeruginosa MJK1 and E. coli MJK2 were constructed by excising the urease operon (Ure) from the pUC19 plasmid previously contained in E. coli DH5α(pURE14.8). The urease operon was ligated into plasmid pJN105 to construct plasmid pMK001, which was then transferred to P. aeruginosa AH298 and E. coli AF504gfp. The resulting bacterial strains, MJK1 and MJK2, respectively, express both active urease and constitutive GFP. Amp r and Gm r refer to ampicillin and gentamicin resistance genes, respectively. Fig. 2 . Linearized map of the new vector pMK001 (pJN105 with cloned fragment of DH5α(pURE14.8) inserted). Short arrows ureDABC and ureFG represent previously sequenced sections of E. coli DH5α(pURE14.8). The longer arrow 'urease insert' is the entire section of cloned genes transferred into pJN105. Restriction sites PstI and SpeI were added by primers and PCR to the insert to facilitate ligation into the vector pJN105. araC P BAD is the promoter, rep encodes trans-acting replication protein, aacC1 imparts gentamicin resistance, mob encodes the plasmid mobilization functions. Although nickel is required for bacterial growth (normally in nanomolar concentrations) micro-or millimolar levels can be toxic to cells (Sar et al., 1998) . Supplemental nickel has been added to media for ureolytically constructed organisms in the past. For instance, Zhang et al. found that their recombinant urease strain of Lactococcus lactis exhibited the maximum level of urease activity at 250 μM NiSO 4 . They also reported from the literature that a range of supplemental nickel (from 2.5 μM to 200 μM) has been added to media for growing other urease constructs (Zhang et al., 2009) . The 10 μM nickel tested for the transformants created in this work fits within that range.
Kinetic studies
Growth and ureolysis characteristics
Both transformed organisms express measurable urease activity under the conditions tested as demonstrated through a decrease in urea concentrations, and a corresponding increase in pH, OD and bulk GFP signal in batch cultures over time (Fig. 3) . Urea concentrations decreased to less than 1% of the initial concentration of 10 g/L 30 h after inoculation in the presence of strains MJK1, MJK2 or S. pasteurii. The transformants began hydrolyzing urea noticeably earlier than S. pasteurii, which is attributed to differing lag times. Both transformants showed GFP expression that generally followed the trends in population growth.
The GFP profile during batch growth reveals two differences between the transformants (Fig. 3,B) . While GFP fluorescence for each of the transformants reaches a maximum very near the time of maximum OD and decays thereafter, the GFP fluorescence for MJK2 decreases more slowly. The faster decrease in GFP fluorescence for MJK1 is expected because of the growth rate dependence of GFP production through control by the growth rate-dependent rrnBp 1 ribosomal promoter.
Despite a significantly longer lag phase, S. pasteurii affected the pH such that a maximum was reached over a similar period of time as for both of the transformants. The S. pasteurii pH curve has a different shape than for both of the transformants. CMM-has less buffering capacity than LB between pH 6 and 8 (titration data not shown) which explains the difference in the shape of the S. pasteurii pH curve. The maximum pH reached by MJK1 was the highest at 9.31 ± 0.01 followed by S. pasteurii at 9.24 ± 0.02 and MJK2 at 9.18 ± 0.08 (± is the 95% confidence interval). Direct comparative conclusions cannot be made about urea hydrolysis based solely on pH because S. pasteurii was grown in a different medium. Rather, OD and urea concentration are the primary parameters of interest in this work.
Kinetic curve fitting
Kinetic parameters were estimated by fitting the zero, first, and Michaelis-Menten order models to experimental data for both transformed organisms and S. pasteurii. MJK2 grew the fastest and had the shortest lag time while S. pasteurii exhibited the slowest growth and longest lag time Fig. 4; Table 3 ). Fitted parameters from all three ureolysis models show that, on an OD-normalized basis, S. pasteurii is most efficient at hydrolyzing urea. I.e. the cell specific ureolytic activity is the highest for S. pasteurii.
The population growth model fit the data well from inoculation through exponential phases. However, the fit became poor as OD decreased during the stationary phase because there is no decay built into the Gompertz model. This poor fit during stationary phase is acceptable in the context of this work though because the goal was to compare the ureolysis characteristics of the three different strains during the exponential growth phase. Most ureolysis occurs before stationary phase is reached, thus the poor fit at later time points does not significantly affect the results of the ureolysis models.
Zero, first, and M-M order models fit the data at an R 2 N 0.95 (Table 3) . Parameter estimation for the first and zero order model Fig. 3 . Ureolytic batch study results for both transformed organisms (MJK1 and MJK2) and the common ureolytic model organism, S. pasteurii. OD is reported after correction to a 1.0 cm path length and GFP fluorescence is in arbitrary units from a bulk fluorescent intensity measurement. Both OD and GFP are normalized to inoculated media. Error bars represent 95% confidence intervals with n = 3 replicates. Lines connecting the data points were added to indicate trends and facilitate distinction of the different treatments in the graphs.
was highly reproducible with the relative standard deviation of estimates from triplicate treatments being ≤ 7.7%. A larger relative standard deviation was observed with the M-M model at 27.4% for k m and 18.9% for V max . The M-M model has more degrees of freedom thus allowing for more variation in the fitted V max and k m and resulting in a larger deviation of fitted parameters as compared to both of the one-parameter models.
3.3.3. Strain comparison MJK1 exhibited a higher specific ureolysis rate, i.e. a higher ureolysis rate per cell; however, MJK2 had a higher specific growth rate resulting in more rapid ureolysis in MJK2 cultures. A number of possibilities may explain these rate differences. pH and ammonium concentration are known to affect urease activity of the pure enzyme (Fidaleo and Lavecchia, 2003) . E. coli and P. aeruginosa species are also known to regulate cytoplasmic and extracellular pH differently. In E. coli, cytoplasmic and extracellular pH remain approximately equal when the culture pH is disturbed over a range between approximately pH 6.0 and 7.5 (Wilks and Slonczewski, 2007) . To the authors' knowledge, no similar measurement of cytoplasmic pH has been performed for any P. aeruginosa strains but it is likely that pH regulation is different due to differing efflux pumps, transporters and metabolic potential.
Native metabolic processes in the transformants may play an important role in their ureolysis kinetics. Many P. aeruginosa strains possess urease genes. Currently, all four of the sequenced P. aeruginosa strains in the MetaCyc database (Caspi et al., 2012) are annotated for urease structural genes, ureABC, and multiple accessory genes. However, native urease in P. aeruginosa is thought to be highly regulated. Early ureolysis studies in Pseudomonads even wrongly concluded that all species within the genus Pseudomonas were urease negative (Stewart, 1965) . In our own work we were unable to establish growth conditions for P. aeruginosa strains that would permit (5)) and (D,E,F) ureolysis rates were modeled using Michaelis-Menten (M-M), first order, and zero order rate models (Eqs. (7), (8) and (9)). represent the data adequately for the purposes of this comparative study despite the low Rexpression of significant ureolysis activity (data not shown). It is known that P. aeruginosa strains possess a urea uptake system that is suppressed by the presence of ammonium (Jahns, 1992) . E. coli is not known to have a similar urea uptake system. Subsequent work by Jahns showed that ATP generation was linked to urea hydrolysis in S. pasteurii by cytosolic urease contributing to the membrane potential with cytosol alkalinization and ammonium efflux thought to be the important factors (Jahns, 1996) . The mechanism discussed by Jahns (1996) explains the high urease activity in S. pasteurii but it could also be argued that some of the same mechanisms allow MJK1 to be more efficient at ureolysis than the E. coli strain MJK2 on a population normalized basis.
Additional parameters
Other factors that influence the kinetics of the urease enzyme are pH, ammonium concentration and temperature. Fidaleo and Lavecchia (2003) constructed a detailed model taking all known major factors into account using purified jack bean urease. Although the Fidaleo and Lavecchia model describes a pure enzyme system very well, constants from the literature for pure enzyme systems do not necessarily apply to systems with microorganisms. The Fidaleo and Lavecchia model was fit to the data with slight modification to scale the rate to OD rather than enzyme concentration and it was found to be a poor fit with the published pH, temperature and product inhibition constants (data not shown). The data collected for this study was not sufficient for the estimation of the large number of parameters associated with such a complex enzyme kinetic model 3.4. Application in flow cell reactors MJK1 and MJK2 are clearly ureolytically active and express GFP under the growth conditions provided during this study but the formation of biofilm must also be considered in order for these strains to be successfully used in the study of MICP. Biofilm formation is an important attribute because it is thought that extracellular biofilm components play an important role in crystal nucleation and calcium carbonate polymorphology (Decho, 2010; Ercole et al., 2012; Rodriguez-Navarro et al., 2007) . Preliminary flow-through experiments conducted in 1 mm square glass capillary tubes under continuous laminar flow indicated that both transformants produce thick biofilms and precipitate calcium carbonate. The biofilm characteristics are different between the two transformants with MJK1 forming dense colony biofilms and MJK2 forming a more unstructured, flexible biofilm. In both cases, biomass and minerals were successfully imaged with CLSM. Fig. 5 shows MJK1 in a time series of mineral formation associated with a biofilm colony in a square capillary flow cell.
Experiments using either MJK1 or MJK2 in flow cells will have to be designed carefully in order to promote and sustain the appropriate metabolism. Both transformants are capable of using metabolic pathways that could potentially counteract the pH increase associated with ureolysis making mineral precipitation impossible even with high ureolytic activity. One example would be if oxygen was depleted in an experimental system and acid-producing fermentation pathways were being utilized. At some point urease might be too inhibited by the low pH values to show significant activity. In addition, even if a low pH-tolerant urease variant is produced, low pH values (often resulting in low saturation indices) might make precipitation not possible and possibly even cause dissolution of previously precipitated calcium carbonate. Metabolic heterogeneities in biofilm systems could also create multiple environments within an experiment, making results more difficult to interpret.
Conclusions
Two novel model organisms were constructed to conduct pore scale ureolysis-driven MICP experiments, where organism and mineral growth can be visualized continuously and non-invasively. The two new bacterial strains will allow for the research of spatiotemporal physical and biochemical phenomena at the micrometer scale in MICP systems. Previously, it was not possible to observe the spatiotemporal orientation of biomass with respect to newly formed precipitates that were induced by the same biomass. The new strains allow for the visualization of biomass in situ without the need for fluorescent staining. The ability to study MICP in this way can be used for the optimization of engineered applications and for the development of an improved fundamental understanding of natural microbial precipitation processes.
Kinetic analysis revealed that the specific ureolytic activity of MJK1 and MJK2 is not as high as for S. pasteurii, the most common organism used for MICP experiments. Analysis of batch cultures revealed that all commonly used kinetic models can be fit to the experimental data with limited deviation. The zero order (constant ureolysis rate) model is simple and describes the data well in all cases when its rate is normalized to the population density. The population density was modeled with a Gompertz function, fitting a lag time and maximum specific growth rate to the optical density data. MJK2 exhibited the fastest growth characteristics; however, the other two organisms (MJK1 and S. pasteurii) exhibited higher specific (i.e. cell number normalized) ureolysis rates.
Differences in specific growth and ureolysis rates, along with physiological differences, make the potential use of each of the new model organisms unique. The newly constructed strains require supplemental nickel for ureolysis activity. MJK2 urease is particularly well controlled with nickel, introducing a potentially useful system Fig. 5 . Time lapse CLSM images of a P. aeruginosa MJK1 biofilm colony (green) during calcium injection under laminar flow in a 1.0 mm square glass capillary flow cell (flow direction is from bottom to top). Calcium carbonate precipitates (white) are shown to accumulate on the downstream side of the biofilm colony (green GFP fluorescence). Biomass was imaged based on the fluorescence of the constitutively expressed GFP and the precipitates were imaged using reflected light microscopy. T = 0 corresponds to the beginning of the imaging session. The total time that the biofilm colony was exposed to calcium was about 15 h. Please refer to the methods Section 2.6 for the image processing associated with this figure. control where ureolysis activity could be regulated independently of growth. The two chromosomal GFP constructs behave differently as well. GFP expression of MJK1 is more closely associated with metabolic activity through its control under the growth rate dependent ribosomal promoter rrnBp 1 while MJK2 constitutively expresses GFP. MJK1 will be of more use in studies aimed at determining the spatially resolved metabolic activity whereas MJK2 may be preferred in studies where only the physical location of biomass is important. 
Glossary
